A B ST RA CT Little is known about host defense mechanisms responsible for protective immunity in malaria. The intravascular location of the infection suggested that removal of parasitized erythrocytes by reticuloendothelial organs might be important. To study this possibility, we examined the clearance of 51Cr-labeled Plasmodiumn berghei-infected erythrocytes in rats. Infected erythrocytes were removed more rapidly from circulation than homologous uninfected erythrocytes. The rate of clearance of infected cells during the 1st hour after inoculation was approximately three times greater in rats rendered immune by prior infection than in control rats. This accelerated clearance resulted from greater splenic uptake in immune rats and appeared to correlate with spleen size. Since the clearance pattern of infected erythrocytes more closely resembled the clearance of Heinz body-containing uninfected erythrocytes than of antibody-coated (immunoglobulin G) uninfected erythrocytes, rheologic alterations of parasitized erythrocytes might be a more important determinant of clearance than an anitibodydependent process. During the phase of malaria infection in which increasing parasitemia is observed, organ uptake of infected erythrocytes did not increase despite splenic and hepatic enlargement. However during the spontaneous onset of resolution of malaria infection characterized by decreasing parasitemia, a marked enhancement of splenic clearance was noted. These observations suggest that sudden alteration in splenic clearance of parasitized erythrocytes might be important in the resolution of acute malaria.
A B ST RA CT Little is known about host defense mechanisms responsible for protective immunity in malaria. The intravascular location of the infection suggested that removal of parasitized erythrocytes by reticuloendothelial organs might be important. To study this possibility, we examined the clearance of 51Cr-labeled Plasmodiumn berghei-infected erythrocytes in rats. Infected erythrocytes were removed more rapidly from circulation than homologous uninfected erythrocytes. The rate of clearance of infected cells during the 1st hour after inoculation was approximately three times greater in rats rendered immune by prior infection than in control rats. This accelerated clearance resulted from greater splenic uptake in immune rats and appeared to correlate with spleen size. Since the clearance pattern of infected erythrocytes more closely resembled the clearance of Heinz body-containing uninfected erythrocytes than of antibody-coated (immunoglobulin G) uninfected erythrocytes, rheologic alterations of parasitized erythrocytes might be a more important determinant of clearance than an anitibodydependent process. During the phase of malaria infection in which increasing parasitemia is observed, organ uptake of infected erythrocytes did not increase despite splenic and hepatic enlargement. However during the spontaneous onset of resolution of malaria infection characterized by decreasing parasitemia, a marked enhancement of splenic clearance was noted. These observations suggest that sudden alteration in splenic clearance of parasitized erythrocytes might be important in the resolution of acute malaria.
INTRODUCTION
A major host defense mechanism in intravascular infections is the clearance of microbial pathogens by the reticuloendothelial system (RES).' Factors which regu-late clearance include nonspecific trapping of particles in the liver and spleen, and antigen-specific opsonization mediated by antibody (1) . The relative role of the RES in antibody-mediated clearance of certain circulating particulate antigens has been shown to be determined primarily by the class of antibody binding the antigen, the density of antibody molecules distributed on the particle, and the binding of complement to the particle (2) (3) (4) (5) (6) . This type of clearance is largely mediated through specific receptors for immunoglobulin and complement components on the surface of macrophages (6, 7) . On the other hand, antibody-independent clearance of certain particles depends more upon the regional blood flow through the organs of the RES (8), nonspecific heat-labile opsonins (9) (10) (11) , and other factors which are poorly uinderstood. The importance of RES clearance as a host defense mechanism is dramatically illustrated in the clinical setting by the overwhelming bacterial sepsis which occurs in some splenectomized individuals (12) .
In malaria, the pathogenic stage of' the parasite is intraerythrocytic and the infection is confined to the intravascular compartment. Little is known about host defense mechanisms respoinsible for protective immunity in this disease. The intravascular location of' the infection, the markedly deleterious effects of' splenectomy on malaria host defense (13, 14) , and the characteristic histopathology of the disease (15) suggest that RES clearance of' infected erythrocytes might be an important host defense mechalnism. Several investigators have examinined the intravascular clearance of inert particles (colloidal carbon, '251-microaggregated albumin, 99mTc-sulftur colloicl, etc.) in malaria-infected hosts (16) (17) (18) (19) (20) . These studies have suggested that nonspecific RES clearance is increased in malaria. Although previous studies have measured the survival rate of uninfected erythrocytes in malaria-infected rats (21) , no studies have examined in detail the clearance of parasitized erythrocytes. We therefore investigated the role of' clearance of Plas mtodliiuin berghei -infected erythrocytes in the rat to determine the relative contribution (23) that 5tCr predominately labels the erythrocyte hemoglobin.
Furthermore, <2% of the 51Cr was detectable in the plasma at any time after inoculation.
Preparation ofHeinz body erythrocytes. Heinz body-containing erythrocytes were prepared by injecting rats subcutaneously with 30 mg/kg of phenylhydrazine hydrochloride (J. T. Baker Chemical Co., Phillipsburg, N. J.) on two separate occasions, 48 h apart. Blood was obtained by cardiac puncture and erythrocytes were labeled with 5'Cr as described above.
To further increase the concentration of Heinz body-containing erythrocytes, the radiolabeled erythrocytes were incubated at 37°C for 45 min in a solution of 10 mM phenylhydrazine (24) . The erythrocytes were then washed twice in PBS and resuspended to 109 cells/ml before inoculation. This preparation consisted of 100% Heinz body-containing erythrocytes of which 40% were reticulocytes as determined by examination of blood films stained with 0.5% methyl violet.
Preparation of antibody-coated rat erythrocytes. Rat erythrocytes were sensitized with rabbit anti-rat erythrocyte antibody. Anti-rat erythrocyte antibody was prepared by injecting 1 ml of an emulsion consisting of a 10% saline suspension of rat erythrocytes and an equal volume of Freund's complete adjuvant (Difco Laboratories, Detroit, Mich.) into footpads of several New Zealand white rabbits. 3 wk later the rabbits were given a booster injection and were exsanquinated 2 wk thereafter. Because treatment of antiserum with 0.2 M 2-mercaptoethanol had no effect on hemagglutinating or hemolyzing titers (25) , anti-rat erythrocyte antibody was presumed to be all of the IgG class (26 (27) .
To determine organ uptake of 51Cr-labeled erythrocytes, different animals were sacrificed at different times after the infusion of 5'Cr-labeled erythrocytes. Radioactivity was measured in 0.5-g samples of tissue and total organ uptake was calculated based upon the determined wet weight ofthe organ. Organ uptake was expressed as the percentage of total organ uptake = (counts per minute organ)/(counts per minute injected) x 100 and as the percentage of organ uptake per gram tissue.
RESULTS
Clearance and organ uptake of 5'Cr-labeled erythrocytes. Clearance patterns of uninfected erythrocytes in nonimmune uninfected rats and malaria-immune rats were identical over a 24-h period (Fig. 1) , and no differences in clearance rates were discernable in studies extended over a 3-wk period (t1/2, 16.1± 1.2 d). In contrast, the clearance of infected erythrocytes in both parasitemia in the nonimmune rats continued to rise. Parasite multiplication in these rats was unaffected by prior labeling of infected erythrocytes with 51Cr, since the rate of rise of parasitemia was identical to that resulting from inoculation of untreated parasitized erythrocytes.
Labeled erythrocytes were cleared mainly by the spleen and liver; kidney, heart, muscle, bone marrow, lung, and thymus each cleared <1% of the inoculum in 24 h. In nonimmune rats, the liver and spleen removed 5'Cr-labeled erythrocytes at similar low rates (10-15% of inoculum in each organ) in the first 4 h after inoculation, but 51Cr continued to accumulate only in the liver (Fig. 2) . In contrast, splenic clearance in immune rats was marked during the 1st h (34.0% of inoculum) and continued to increase slightly thereafter. Hepatic clearance in these rats was comparable to that observed in control rats in the first 4 h but remained relatively constant in the following hours. The greater splenic uptake appeared to be related to the presence of splenomegaly in these animals since splenic uptake per gram tissue was the same for immune and nonimmune rats (Table I) .
Effects of splenectomy on clearance of infected erythrocytes. We observed that splenectomy performed 6 wk previously resulted in the abolition of the Hous FIGURE 1 Clearance of 5"Cr-labeled erythrocytes (RBC) after intravenous inoculation in rats immune to malaria (A, 0) and in nonimmune rats (A, 0). Clearance of uninfected RBC in these rats is represented by triangles; clearance of infected RBC is represented by circles. Parasitemia (percent infected RBC as determined from blood smears) resulting from the inoculation of51Cr-labeled infected RBC is shown in the lower panel for comparison. Mean+SEM, 15 experiments. nonimmune and immune rats was significantly accelerated (t412 in nonimmune rats, 9.3±0.6 h and t1/2 in immune rats, 5.0±0.5 h; P < 0.005). The pattern of clearance of infected erythrocytes in nonimmune and immune rats was characterized by two distinct phases (Fig. 1 ). In the 1st h, the clearance rate was rapid in both groups, but was greatest in immune rats (11.5±1.5% of the cells cleared in the nonimmune rats, 32.0+2.2% cleared in the immune rats; P < 0.005). Disappearance of 51Cr from circulation occurred more gradually during the second phase and at the same rate in both groups. A small percentage (15%), representing uninfected erythrocytes in the labeled inoculum, persisted in circulation for >48 h. Parasitemia, as determined from blood smears (Fig. 1) , decreased in immune rats at a rate which directly corresponded to the rate of attrition of 51Cr-labeled erythrocytes (r = 0.993). early (lst h) rapid phase in both the immune and nonimmune rats (Fig. 3 ). The clearance rates were the same in both groups of splenectomized animals (P > 0.1) and were similar to the rate of the second phase of clearance observed in intact rats (slope in splenectomized rats, -0.78; slope of second phase in intact rats, -0.93; P < 0.05, Student's t test). Parasitemia rose in splenectomized nonimmune rats but remained constant in splenectomized immune rats (Fig. 3) . Clearance of antibody-coated and Heinz body-containing erythrocytes. We attempted to determine whether differences in clearance patterns in immune and nonimmune rats related to a greater ability of immune spleens to remove antibody-coated or rheologically altered erythrocytes. Rat erythrocytes coated with large subhemagglutinating concentrations of rabbit anti-rat erythrocyte antibody (immunoglobulin G) were cleared at similar rates in both groups (t412 in nonimmune rats, 0.75 h; t1/2 in malaria-immune rats, 1.5 h) (Fig. 4A ). Organ uptake was also similar in both groups (Table II) were all the same (P > 0.1, F test of slope) and was characterized by a monophasic clearance (Fig. 5) . This monophasic pattern resembled that observed in uninfected splenectomized rats (Fig. 3) . Although spenomegaly developed during this period, splenic uptake remained constant and hepatic uptake progressively decreased below control levels (Fig. 6) . In marked contrast, clearance during the crisis period (days 17-19, at a time when parasitemia fell) was biphasic and dramatically accelerated (Fig. 5 ). This increased clearance was associated with a sudden ability ofthe spleen, but not the liver, to remove 5'Cr-labeled infected erythrocytes. This dramatic change in splenic uptake was not associated with a sudden increase in spleen size between the immediate precrisis and crisis period (Fig. 6 ).
DISCUSSION
In this investigation of clearance ofP. berghei-infected erythrocytes, we determined that infected erythrocytes were removed more rapidly from circulation than homologous uninfected erythrocytes (Fig. 1) . This accelerated clearance was more pronounced in rats immune to P. berghei malaria than in nonimmune uninfected or infected precrisis rats (Figs. 1 and 5 splenic uptake (Fig. 2 , Table I ) and all differences in clearance rates were abolished by splenectomy (Fig. 3) . The greater splenic uptake in immune rats was directly associated with the presence of splenomegaly in these animals (Table I ). This pattern of clearance of infected erythrocytes more closely resembled that of Heinz body-containing erythrocytes than that of IgG-coated uninfected erythrocytes (Fig. 4) . These observations suggested that the accelerated clearance of parasitized erythrocytes might be based on alterations in the rheologic properties of these cells rather than an anti- (Fig. 1) . The first phase, which occurred within the 1st h after inoculation in both immune and nonimmune rats, was characterized by a rapid state of clearance which was most pronounced in immune rats. On the basis of organ uptake of 5'Cr (Fig. 2 ) and the effect of splenectomy (Fig. 3) , it was possible to determine that this rapid first phase represented splenic uptake. The slower second phase (Fig. 1) was the same in both immune and nonimmune rats. Presumably this represented the disappearance of 5'Cr from circulation as a result of sequestration of labeled erythrocytes containing schizonts (mature parasites) in the deep vascular beds (30) , their subsequent rupture, and the rapid renal excretion of the released 51Cr (23) . The gradual rather than precipitous decline in circulating 5lCr resulted from the asynchronous maturation of P. berghei (31) culminating in schizont rupture, invasion of unlabeled erythrocytes by merozoites, and rising parasitemia. This was reflected by the observation that the rate ofincrease ofparasitemia in nonimmune rats was inversely proportional (r = 0.995) to the rate of decline of 51Cr in the second phase (Fig. 1) .
Spleen size was a major determinant of the magnitude of clearance of infected erythrocytes and Heinz body-containing erythrocytes, but not antibody-coated erythrocytes (Tables I and II) . In related studies we determined that splenomegaly induced by stimuli other than malaria, such as by the repeated intraperitoneal injections of' methyl cellulose (32), were equally effective in accelerating the clearance of parasitized erythrocytes.2 Furthermore, the magnitude of splenic clearance was observed to be directly related to spleen weight (r = 0.92) when studies were performed in rats with methyl cellulose-induced or malaria-induced splenomegaly of different magnitude (data not shown). These observations suggested that splenomegaly per se, rather than a specific antiplasmodial alteration in splenic function, was the basis for the accelerated clearance in immune rats. The greater ability of enlarged spleens to remove infected erythrocytes is likely to depend upon the increased efficiency of the hypertrophied organ to remove poorly deformed erythrocytes (33) . Support for this notion derives from our observations that aniother poorly deformable erythrocyte, the Heinz body-containing cell, is also cleared from circulation more readily in the setting of splenomegaly, whether induced by malaria (Fig. 4B) or methyl cellulose treatment (data not shown). The mnore extensive removal of Heinz body-containing erythrocytes than infected erythrocytes might therefore represent quantitative differences in altered deformability of these two erythrocyte populations.
In contrast to the above evidence suggesting an important role of the rheological properties of infected erythrocytes in their removal from circulation, we have found no evidence that antibody-mediated clearance of these cells occurs. That is, in related studies3 we have determined that although hyperimmune serum can transfer to nonimmune rats protective immunity to P. berghei, it fails to significantly alter the pattern of' clearance of' splenic uptake of infected erythrocytes in the recipients. The failure to find evidence for the occurrence of opsonization of intact infected erythrocytes in vivo is not incompatible with the observation that parasites removed artificially from their intracel-lular location can be opsonized in vivo (34) . This suggests that malaria parasites may be protected from a potentially important host defense mechanism by virtue of their intracellular location and the lack of expression of parasite antigen on the surface of the infected erythrocyte (35) . Antiplasmodial antibody may therefore act upon the extracellular merozoite after schizont rupture and thus prevent invasion of other erythrocytes (36) .
In view of these considerations of the clearance of parasitized erythrocytes, it was surprising to find a sudden increase in splenic clearance at the time of crisis (Fig. 6) . The increase clearance was not associated with a sudden increase in spleen size during infection. Moreover, it followed a precrisis period in the infection during which the efficiency of splenic clearance (i.e., organ uptake per gram tissue) was below control levels. The precise explanation for the sudden increase in clearance is not available from our data. One possibility which we are presently investigating is that these changes represent sudden alteration in splenic microcirculation allowing for greater flow through the "open" pathways. The open pathway of circulation brings erythrocytes into contact with narrow fenestrations in the splenic cords which might result in extensive trapping of poorly deformable cells (37, 38) . In addition, passage of erythrocytes through the cords would bring them into close contact with cordal macrophages, cells which might have been suggested to be important in mediating a process of killing of intraerythrocytic parasites without phagocytosis (39) .
Thus, it appears from our data that splenic clearance of infected erythrocytes might be an important mechanism of host defense at the time of crisis when resolution of the acute infection occurs. Indeed, we have observed in related studies that the induction and maintenance of crisis is critically dependent upon the continuous presence of the spleen.3 However, the ability of immune rats to resist rechallenge with P. berghei appears to depend upon mechanisms which are largely spleen-independent. Parasitemia in splenectomized immune rats did not rise after rechallenge (Fig. 3) , in contrast to the rising parasitemia observed in intact and splenectomized nonimmune rats. Antiplasmodial defense in immune rats is incompletely understood but may depend upon antibody-mediated inhibition of merozoite invasion (36, 40) . These findings suggest that different mechanisms of host defense might be important in resolution of acute primary infections and resistance to rechallenge in immune rats.
